Maturity-onset diabetes of the young (MODY) is a frequently misdiagnosed type of diabetes, which is characterized by early onset, autosomal dominant inheritance, and absence of insulin dependence. The most frequent subtypes are due to mutations of the GCK (MODY 2), HNF1A (MODY 3), and HNF4A (MODY 1) genes. We undertook the first multicenter genetic study of MODY in the Portuguese population. The GCK, HNF1A, and HNF4A genes were sequenced in 46 unrelated patients that had at least two of the three classical clinical criteria for MODY (age at diagnosis, family history, and clinical presentation). The functional consequences of the mutations were predicted by bioinformatics analysis. Mutations were identified in 23 (50%) families. Twelve families had mutations in the GCK gene, eight in the HNF1A gene, and three in the HNF4A gene. These included seven novel mutations (GCK c.494T>C, GCK c.563C>G, HNF1A c.1623G>A, HNF1A  c.1729C>G, HNF4A c.68delG, HNF4A c.422G>C, HNF4A c.602A>C) . Mutation-positive patients were younger at the time of diagnosis when compared to mutation-negative patients (14.3 vs. 23.0 years, p = 0.011). This study further expands the spectrum of known mutations associated with MODY, and may contribute to a better understanding of this type of diabetes and a more personalized clinical management of affected individuals.
Introduction
Maturity-onset diabetes of the young (MODY) is a monogenic form of diabetes characterized by early onset (usually under the age of 25 years), autosomal dominant inheritance and absence of insulin dependence during a variable period of time [1] .
MODY is estimated to account for about 1-2% of all cases of diabetes [2] . However, the high costs of genetic testing and the frequent overlap of clinical features between MODY and the more frequent types of diabetes (i.e., types 1 and 2) have resulted in a significant underdiagnosis of MODY [3] . A correct molecular diagnosis is an important aspect in patient management because it can help select the most appropriate treatment, provide a prognosis for the course of the disease, alert to the existence of associated malformations, and allow for genetic counselling [4] .
There are several subtypes of MODY caused by mutations in at least 14 known genes (HNF4A, GCK, HNF1A, PDX1, HNF1B, NEUROD1, KLF11, CEL, PAX4, INS, BLK, ABCC8, KCNJ11, APPL1), which have in common a primary defect in insulin secretion associated with pancreatic beta cell dysfunction [5] . However, heterozygous mutations in the GCK (glucokinase) (MODY 2), HNF1A (hepatocyte nuclear factor 1 alpha) (MODY 3), and HNF4A (hepatocyte nuclear factor 4 alpha) (MODY 1) genes are the most frequent, and together they explain over 95% of the known genetic causes of MODY [6] .
The relative frequencies of MODY subtypes show variations according to the countries where the studies took place. For example, MODY 3 is the most common subtype in the United Kingdom, The Netherlands, Denmark, and Norway, but MODY 2 is the most common in Germany, Austria, Poland, the Czech Republic, Italy, Greece, and Spain [6] . These differences may be explained by the use of different selection criteria for patients for genetic testing [6] .
The aim of this study was to identify the underlying genetic mutations in a group of Portuguese patients with clinically suspected MODY.
Experimental Section

Subjects
Forty-six families with suspected MODY cases were referred by physicians based at six pediatric and adult diabetes clinics serving the northern, central, and southern regions of mainland Portugal, from 2012 to 2019. Patients were referred for genetic testing due to clinical suspicion of MODY based on at least two of the following three criteria: (a) diagnosis of diabetes under the age of 25 years in at least one family member; (b) autosomal dominant inheritance pattern through at least three generations, or the existence of at least two first-degree relatives with diabetes; (c) ability to control diabetes without insulin treatment for at least two years, or significant levels of serum C-peptide, or absence of pancreatic autoantibodies. Whenever possible, other affected and non-affected family members were studied. The control population consisted of 500 healthy volunteers recruited among blood donors. All patients and controls were Caucasian Portuguese. Written informed consent was obtained from all subjects and the study was approved by the local research ethics committee (Faculty of Health Sciences, University of Beira Interior, Ref: CE-FCS-2012-010).
Genetic Studies
Genomic deoxyribonucleic acid (DNA) was extracted from peripheral blood leucocytes [7] and used with custom-designed primers for polymerase chain reaction (PCR) amplification of the coding regions and exon-intron boundaries of the GCK, HNF1A, and HNF4A genes. Bidirectional sequencing of the PCR products was performed using a CEQ DTCS sequencing kit (Beckman Coulter, Fullerton, CA, USA) and an automated capillary DNA sequencer (GenomeLab TM GeXP, Genetic Analysis System; Beckman Coulter). Genomic sequence variants identified in patients were searched for in the Genome Aggregation Database (gnomAD) [8] in order to assess their frequency in the general population. Novel missense variants were screened for in a panel of 200 healthy Portuguese volunteers (400 alleles) using sequence-specific restriction enzymes or allele-specific PCR, to exclude the possibility that these were common population-specific polymorphisms. For one variant found in a healthy control, the screening was extended to 500 controls (1000 alleles). Variants that were found to be present at an allele frequency higher than 0.1% in either gnomAD or in the Portuguese control population were excluded from further analysis. Computational functional prediction analysis was performed to evaluate the impact of the sequence variants on protein function, using SIFT [9] , PolyPhen-2 [10] , Mutation Taster [11] , and Human Splicing Finder [12] programs. Sequence variants were analyzed by VarSome [13] and classified according to the American College of Medical Genetics and Genomics (ACMG) guidelines [14] . Mutation nomenclature was based on the cDNA reference sequences for the GCK (NM_000162.5), HNF1A (NM_000545.5), and HNF4A (NM_175914.3) genes.
Statistical Analysis
The clinical characteristics of patients with and without identified mutations (i.e., mutation-positive and mutation-negative patients) were compared. Mean age at time of diagnosis, body mass index (BMI), glycated hemoglobin (A1c), and serum C-peptide were compared by two-tailed Student's t-tests. The proportions of patients in each group with positive family history (defined as autosomal dominant inheritance pattern through at least three generations, or the existence of at least two first-degree relatives with diabetes), typical clinical presentation and course (defined as ability to control diabetes without insulin treatment for at least two years, or significant levels of serum C-peptide, or absence of pancreatic autoantibodies), and presence of all three classical MODY clinical criteria, were compared by a two-tailed Fisher's exact test. Statistical significance was set at p < 0.05.
Results
Rare heterozygous sequence variants were identified in 23 (50%) of 46 families (Figure 1a -d). Twelve occurred in the GCK gene, eight in the HNF1A gene, and three in the HNF4A gene ( Figure 2 ). Three variants were found to be recurrent, thus the total number of unique variants was 20. These consisted of 16 missense, two nonsense, one frameshift, and one synonymous variant. Thirteen variants have already been reported in MODY patients, namely GCK c.130G>A [15] , GCK c.386G>A [16] , GCK c.544G>A [17] , GCK c.556C>T [18] , GCK c.698G>A [19] , GCK c.757G>C [20] , GCK c.1099G>A [21] , GCK c.1268T>A [22] , HNF1A c.425C>T [23] , HNF1A c.475C>T [24] , HNF1A c.511C>T [23] , HNF1A c.521C>T [25] , and HNF1A c.607C>A [26] .
Seven variants (GCK c.494T>C, GCK c.563C>G, HNF1A c.1623G>A, HNF1A c.1729C>G, HNF4A c.68delG, HNF4A c.422G>C, HNF4A c.602A>C) have not previously been reported in patients with MODY and were found to be absent or very rare (≤0.0001) in the gnomAD population database [8] ( Table 1) . These variants were not found in healthy Portuguese controls, except for HNF1A c.1729C>G, which was identified in 1/1000 alleles. These novel variants were shown to cosegregate with diabetes in additional family members, except for HNF4A c.68delG, because DNA from relatives was not available for testing. All variants were predicted to be deleterious by at least one of four bioinformatics programs (SIFT [9] , PolyPhen-2 [10] , Mutation Taster [11] , or Human Splicing Finder [12] ) ( Table 1 ). The synonymous variant in HNF1A (c.1623G>A, p.Gln541Gln) was predicted to affect RNA splicing, by the Mutation Taster [11] and Human Splicing Finder [12] bioinformatics programs.
According to strict ACMG classification criteria [14] , HNF1A c.521C>T, HNF1A c.1623G>A, and HNF1A c.1729C>G were classified as variants of uncertain significance and all others were classified as either pathogenic or likely pathogenic variants (Table 1 ).
An additional synonymous variant (HNF4A c.711G>A, p.Ala237Ala) was identified in one patient. Although this variant was found to be very rare in the gnomAD population database (allele frequency 3/282800 = 0.00001), it was found in several Portuguese normal controls (allele frequency 5/980 = 0.005) and was therefore considered as a population-specific polymorphism with no relation to the disorder.
The clinical characteristics of MODY patients with identified mutations are summarized in Table 2 . The comparison between mutation-positive and mutation-negative patients ( Table 3) showed that mutation-positive patients were significantly younger at the time of diagnosis (14.3 vs. 23.0 years, p = 0.011). No differences were observed regarding family history, clinical presentation, or course of the diabetes (Table 3) . No differences were observed for BMI, A1c, or serum C-peptide (data not shown). The majority (n = 12) of mutation-positive patients presented only two of the three classical clinical criteria for MODY (Table 3 ). 
Discussion
This study of 46 families with clinically suspected MODY revealed the presence of a genetic cause in 23 (50%) families. GCK, HNF1A, and HNF4A heterozygous mutations were found in 12 (26%), eight (17%), and three (7%) families, respectively.
The frequency of mutations in clinically suspected MODY cases varies across different European countries, such as Germany/Austria (97%), Spain (89%), Italy (70%), Greece (66%), Denmark (49%), the Czech Republic (48%), the Netherlands (39%), Norway (31%), the United Kingdom (27%), and Poland (7%) [6] . The differences observed between different countries are most likely explained by the different selection criteria used for genetic testing [6] . Ours is the first study in the Portuguese population and shows that the mutation frequency (50%) lies within the range for European populations [6] .
The most frequent genetic defects in our population were GCK mutations (MODY 2), followed by HNF1A mutations (MODY 3). This is consistent with the distribution in other southern European populations [6] . HNF4A mutations (MODY 1) were rarer, as expected according to their known contribution to MODY [6] . Other MODY subtypes are even rarer and therefore were not searched for in our group of patients.
The 23 identified mutations consisted of 20 unique mutations and three recurrent mutations (i.e., occurring in more than one family). Of these 20 different mutations, 13 have already been reported in MODY [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The remaining seven mutations (GCK c.494T>C, GCK c.563C>G, HNF1A c.1623G>A, HNF1A c.1729C>G, HNF4A c.68delG, HNF4A c.422G>C, HNF4A c.602A>C) have not previously been reported, and are therefore novel mutations.
Bioinformatics analysis, using sequence conservation and structure-based algorithms, predicted that the identified mutations are highly likely to affect protein function. Most mutations in this study were missense mutations. These results are consistent with studies in other European populations where missense mutations were also predominant [22, 26] . Missense mutations may result in alterations of secondary structures, affecting protein stability or resulting in the loss of important catalytic domains. Two nonsense and one frameshift mutations were identified-these may result in premature termination of the encoded protein or in nonsense-mediated RNA decay [27] . A synonymous mutation in HNF1A (c.1623G>A, p.Gln541Gln), involving the last nucleotide of exon 8, was predicted to affect RNA splicing, although no RNA was available from the patient to demonstrate this experimentally. In addition to the computational prediction results, the absence or rarity of all these mutations in large population databases [8] is highly suggestive that these are indeed pathogenic mutations associated with the disorder, rather than common benign polymorphisms.
In 23 (50%) of the families, no genetic defect was identified in the GCK, HNF1A, or HNF4A genes. This rate of mutation-negative cases is similar to that observed in other European populations [6] and could have several explanations. First, it may be due to the occurrence of mutations in genes that were not analyzed in the study. Although the GCK (MODY 2), HNF1A (MODY 3), and HNF4A (MODY 1) genes are responsible for the vast majority of genetic causes of MODY [6] , there are other rarer MODY subtypes caused by mutations in genes not analyzed in this study, which could have been analyzed by next-generation sequencing methods [28] . However, these other subtypes have been shown to represent together only a small proportion (<5%) of cases or to be associated with specific extra-pancreatic features that were not present in our patients [29] . Second, mutations may rarely be located in the promoter or deep intronic regions, or result from large deletions of the genes that would not be detected by conventional sequencing [30] . Finally, mutation-negative genetic tests may be explained by the occurrence of phenocopies. This occurs when suspected MODY cases represent other types of diabetes (e.g., type 1 or 2) that can also occur in young individuals and/or coexist with other affected family members, thus mimicking the phenotype of MODY, but with no monogenic cause. As diabetes is a relatively common disease, the existence of several affected family members does not necessarily imply an inherited cause of diabetes [31] . Furthermore, the fact that mutation-negative patients in our study were diagnosed at a later age suggests that these are less likely to be associated with a genetic cause.
The inclusion criteria for patients in this study were less stringent than the classical clinical triad for MODY (i.e., diagnosis under the age of 25 years, autosomal dominant inheritance, and clinical presentation and course of the diabetes) [1] , because patients do not always exhibit all the typical clinical characteristics of MODY. This occurs because family history is sometimes incomplete or unknown and vertical transmission through three generations is not always possible to confirm, patients may have de novo mutations (i.e., not present in the parents), asymptomatic hyperglycemias can remain undiagnosed beyond the age of 25 years, and the presence of pancreatic autoantibodies (which are typical for type 1 diabetes) has also been reported in MODY [32] . As our study included cases that fulfilled only two of the three above-mentioned criteria, this allowed the genetic diagnosis of 12 patients that would have otherwise remained undiagnosed, although at the expense of a higher proportion of mutation-negative cases. Several studies have proposed the selection of cases for genetic testing based on biomarkers and clinical features associated with a higher probability of having a genetic defect [33] [34] [35] . These prediction models show high sensitivity, although with relatively low positive predictive values that result in even higher proportions of mutation-negative cases. It is likely that the decision about which patients should undergo genetic testing, based on their prior likelihood of having a MODY mutation, will ultimately depend on the cost-effectiveness of the genetic testing [36] .
In conclusion, this is the first Portuguese multicenter genetic study of MODY patients. In 46 families with clinically suspected MODY, mutations were found in 23 (50%) families, including seven GCK, HNF1A, and HNF4A mutations that have not previously been reported. Several mutations were identified in cases that only partially fulfilled the classical clinical criteria for MODY. The study results may contribute to a better understanding of the pathogenesis of the most common subtypes of MODY and to a more personalized approach to patients' treatment, follow-up, and genetic counselling.
